The Gramineae family, with about 9,000 species, is economically the most important family of flowering plants. Graminaceous plants are found throughout the world and comprise about 20% of the earth's vegetation. Primarily important as a basic food source, graminaceous plants provide us with cereals bred from selected wild species. The second most important use of the graminaceous plants is as pasture and hay for livestock. Increasing the productivity of graminaceous plants will be an important strategy for dealing with the rapid population increase predicted for developing countries in the 21st century.
Even though there is a large amount of Fe in soils, plants growing in soils with a high pH, such as calcareous soils, develop Fe deficiency that is observable as chlorosis. Under these adverse conditions, graminaceous plants secrete Fe chelators called mugineic acid family phytosiderophores (MAs) (Takagi, 1976) from their roots to acquire sparingly soluble Fe as Fe(III)-MAs through the use of Fe(III)-MA transporter(s). This mechanism was named strategy II by Rö mheld and Marschner (1986) . The chemical properties (Takemoto et al., 1978; Nomoto et al., 1981; Sugiura et al., 1981; Mino et al., 1983) and physiological significance (Takagi et al., 1984; Rö mheld and Marschner, 1986; Marschner et al., 1987; Mori et al., 1987 Mori et al., , 1991 Kawai et al., 1988; Mihashi and Mori, 1989) of MAs have already been established.
The amount of MAs secreted increases under Fe deficiency stress and is correlated with a plant's tolerance to Fe deficiency. Of the graminaceous plants, barley (Hordeum vulgare) is the most tolerant to Fe deficiency and secretes the largest amount of MAs, while rice is the most susceptible to Fe deficiency and secretes very little MAs (Sugiura et al., 1981; Takagi et al., 1984) . MAs are synthesized from l-Met (Mori and Nishizawa, 1987) . Nicotianamine synthase (NAS) catalyzes the bonding of three S-adenosyl Met molecules to form nicotianamine (NA) (Higuchi et al., 1994 (Higuchi et al., , 1999 , which is then converted to deoxymugineic acid by an amino-group transfer catalyzed by nicotianamine aminotransferase (NAAT) (Kanazawa et al., 1995) and subsequent reduction at the 3Ј-carbon of the keto acid (Nomoto et al., 1987) . The other MAs, including mugineic acid, hydroxymugineic acid, epihydroxymugineic acid, avenic acid (Mori and Nishizawa, 1989; Mori et al., 1990; Shojima et al., 1990; Ma and Nomoto, 1993) , and epihydroxydeoxymugineic acid (Ma et al., 1999) , are produced by the subsequent hydroxylation of deoxymugineic acid.
Of the enzymes participating in the biosynthesis of MAs, NAS and NAAT are strongly induced by Fe deficiency. The increase in the activity of these enzymes after the onset of Fe deficiency is well correlated with the amount of MAs secreted. Recently, several NAS genes (the nas series) have been cloned from barley (Higuchi et al., 1999) , Arabidopsis (DDBJ/EMBL/GenBank accession nos. AB021934, AB021935, and AB021936), and rice (DDBJ/EMBL/GenBank accession no. AB021746). Although NA has been detected in all plants so far surveyed, including monocots and dicots (Noma and Noguchi, 1976; Fushiya et al., 1982; Rudolph et al., 1985) , MAs have been found only in graminaceous plants. Therefore, the amino-group transfer of NA catalyzed by NAAT in the biosynthesis of MAs is a crucial step that distinguishes graminaceous plants from the other members of the plant kingdom (Kanazawa et al., 1994) . Because of its important role in the biosynthesis of MAs under Fe-deficient conditions, many attempts have been made to purify NAAT to homogeneity, but these have achieved only partial success (Ohata et al., 1993; Kanazawa et al., 1994 Kanazawa et al., , 1995 . In our previous work, the activity of two NAAT isozymes was seen on DEAE chromatography eluted with a linear KCl gradient, and these isozymes were named NAAT-I and NAAT-II (Kanazawa et al., 1995) . In barley, NAAT-I is present in the roots of Fe-deficient plants, but is absent in the roots of Fe-sufficient plants. In contrast, a small amount of NAAT-II is present in Fesufficient roots, although its activity is also induced by Fe deficiency. In the present study, a third NAAT isozyme (NAAT-III) was found in the non-binding fraction from DEAE chromatography. Based on the partial amino acid sequences obtained from purified NAAT-III, we succeeded in isolating two distinct cDNAs and one genomic DNA clone encoding NAAT.
MATERIALS AND METHODS

Plant Materials
Barley (Hordeum vulgare L. cv Ehimehadakamugi No.1) was grown hydroponically according to the method of Kanazawa et al. (1994) in a greenhouse under natural light. When the third leaf emerged (20 d after germination), plants were transferred to either Fe-free culture solution (Fe-deficient plants) or culture medium containing 10 Ϫ4 m Fe-EDTA (Fe-sufficient plants). Two weeks after transplanting, the roots were harvested, dipped in liquid nitrogen, crushed, and stored at Ϫ80°C until use.
Chemicals
Nicotianamine was synthesized using the method of Shioiri et al. (1997) .
Preparation of NA-Affinity Columns
NA was bound to EAH-Sepharose 4B (AmershamPharmacia Biotech, Uppsala, Sweden) as follows: NA solution (20 mol mL Ϫ1 , pH 4.5) was added to the EAHSepharose 4B gel (NA solution:gel, 2:1) and mixed gently and thoroughly. The carbodiimide aqueous solution was added to the suspension to a final concentration of 0.1 m. The suspension was mixed gently, and the pH was adjusted to between 4.5 and 6.0 during the 1st h by the addition of 0.1 m NaOH. After that, the product was washed at least three times with 0.1 m acetate buffer (pH 4.0) containing 0.5 m NaCl. There was a final wash with distilled water.
Purification of NAAT
NAAT was purified according to the method of Kanazawa et al. (1995) until the hydroxylapatite column step (except for the addition of protease inhibitor E-64 to the extraction buffer). All of the experimental processes were conducted at 4°C except the enzyme assay. The frozen roots (150 g) from Fe-deficient plants were homogenized in 225 mL of extraction buffer using an electric juicer. The extraction buffer consisted of 0.2 m Tris/HCl (pH 8.0), 10 mm EDTA, 0.1 mm p-APMSF, 0.1 mm E-64, 10 mm DTT, 5% (v/v) glycerol, and 5% (w/v) insoluble PVP. The homogenate was centrifuged at 8,000g for 30 min, and the supernatant was applied to a column packed with gel (Butyl Toyopearl 650M, TOSOH, Tokyo), and hydroxylapatite gel (100-350 mesh, Nacalai Tesque, Kyoto). The active fraction eluted from the hydroxylapatite gel was concentrated using MOLCUT (Millipore, Tokyo) and the buffer was exchanged with 20 mm Tris/HCl (pH 8.0), 10 mm KCl, and 10 mm DTT. The sample was applied to a column packed with DEAE Sephacel (Pharmacia Biotech). The non-binding fraction from the DEAE Sephacel column was applied to a NA-Sepharose 4B column after buffer exchange. The buffer used for the NA-Sepharose 4B column consisted of 20 mm Tris/HCl (pH 8.0), 10 mm KCl, 1 mm DTT, and 5 mm EDTA. After washing the column with the same buffer, the absorbed proteins were eluted with a specific elution buffer (1 mm NA, 10 mm KCl, 20 mm Tris/HCl [pH 6.0]). The eluted sample was separated by two-dimensional gel electrophoresis (2D-SDS-PAGE) as described below.
NAAT Enzyme Assay
Protein was assayed using a kit (Bio-Rad Laboratories, Hercules, CA). Aliquots of samples containing 5 to 50 g of protein were assayed for NAAT activity according to the method of Kanazawa et al. (1994) . Four microliters of 0.25 m NaBH 4 was then added to reduce the reaction product to deoxymugineic acid (Ohata et al., 1993) , which was then analyzed by HPLC (Mori et al., 1987) .
Gel Electrophoresis
The proteins were separated by 2D-SDS-PAGE following the method of O'Farrell (1975) . To cover the pI range from 5.0 to 8.0, the gel contained both 1.6% (v/v) (pH 5.0-8.0) and 0.4% (v/v) (pH 3.0-10.0) Ampholines (Daiichi Chemicals, Tokyo). Protein extracts (100 g) were subjected to IEF at 400 V for 15 h and then at 800 V for 1 h. After the gels equilibrated for 15 min in SDS-PAGE sample buffer (2.3% 
Analysis of Partial Amino Acid Sequences
The amino acid sequences of the amino terminus and the CNBr digests of several proteins detected on the twodimensional gels were determined. Chemical digestion with CNBr followed the method of Gross (1976) with slight modifications. Each protein was cut from the twodimensional gels. Isolated proteins were eluted from the gels by soaking in a 10-fold volume of 70% (v/v) formic acid containing 1% (v/v) CNBr in a 1.5-mL microtube and incubated overnight at 4°C. The supernatant was collected, dried under reduced pressure, resuspended in SDS-PAGE sample buffer, and incubated overnight at room temperature. The peptides were separated by electrophoresis using Tricine SDS-PAGE (Schägger and Von Jagow, 1987) in 16.5% (w/v) acrylamide gels. The peptides were transferred onto a PVDF membrane by electroblotting and stained with Coomassie Brilliant Blue. Each band on the PVDF membrane was cut out, and the amino acid sequence was determined by automated Edman degradation on a gas-phase sequencer (model 477A protein sequencer and model 120A PTH analyzer, Applied Biosystems, Tokyo).
Amplifying cDNA Encoding NAAT-III Using Degenerate Primers
Oligonucleotides derived from the sequences of four peptides were synthesized and used as primers for PCR. cDNA was synthesized from poly(A ϩ ) RNA prepared from Fe-deficient barley roots by using a dT17 adaptor primer, 5Ј-GACTCGAGTCGACATCGATTTTTTTTTTTTTTTTT-3Ј, and reverse transcriptase. The amplification was successfully carried out using two-step PCR with Taq polymerase (Sawady, Tokyo) as described below. The PCR reaction buffer (50 L) consisted of 1 mm Tris-HCl (pH 8.8), 50 mm KCl, 1.5 mm MgCl 2 , 0.2 mm dNTP, and 1.25 units of Taq polymerase. The first PCR was conducted using a sense degenerate primer mix (5Ј-GCIGTIGARTGGAAYT-TYGCIMG-3Ј) derived from the amino-terminal amino acid sequence (AVEWNFAR) and 3Ј adaptor primer (5Ј-GACTCGAGTCGACATCG-3Ј) using the cDNA as a template. The second PCR was conducted using the degenerate primer mix derived from the amino-terminal amino acid sequence and a degenerate antisense primer mix (5Ј-GCDATRTGICCRAAIACICC-3Ј) derived from one of the internal amino acid sequences (AIHGFVG) of the template that was in the reaction solution obtained from the first PCR. The resulting PCR products were separated on a 0.8% (v/v) agarose gel, eluted with a GeneClean II kit (Funakoshi, Tokyo), and subcloned into the pT7Blue T-vector (Novagen, Madison, WI) . The DNA insert from the clones was sequenced by the dideoxynucleotide chain-termination method using a dideoxy sequencing kit (BcaBEST, TaKaRa Shuzo, Shiga, Japan), and was also used as a probe to screen a cDNA library.
Isolating cDNA Encoding NAAT-III
A pYH23 cDNA library was prepared from poly(A ϩ ) RNA from Fe-deficient barley roots. pYH23 is an expression vector for yeast, and has the ADH (alcohol dehydrogenase) promoter driving expression of the introduced cDNAs. The cDNA library was screened by colony hybridization using the PCR product (probe I, see Fig. 2 ). The probe was labeled with [␣-32 P]dATP using a randomprimer labeling kit (version 2, TaKaRa). The labeled DNA was purified in a nick column (Pharmacia). The cloned cDNAs were sequenced with a DNA sequencer (A373, Applied Biosystems) using the following three kits: a dye terminator cycle sequencing kit (Ready Reaction, Perkin Elmer, Foster City, CA), a fluorescent labeled primer cycle sequencing kit (Thermo Sequence, Amersham Life Science, Tokyo), and a dideoxy sequencing kit (BcaBEST, TaKaRa).
Northern-Blot Analysis
Total RNA was isolated from the roots and leaves of both Fe-sufficient and Fe-deficient barley according to the procedure of Naito et al. (1988) . The RNA was denatured and electrophoresed on 1.2% (v/v) agarose gels containing 5% (v/v) formaldehyde, blotted onto nylon membranes (Hybond-N ϩ , Amersham), and hybridization was conducted using total naat-A cDNA or naat-B cDNA as probes following the instruction manual for the direct nucleic acid labeling and detection systems (LCA, Amersham Life Science).
Southern-Blot Analysis
Genomic DNA was prepared from barley leaves (Murray and Thompson, 1980) . DNA samples were digested with BamHI and HindIII and separated by electrophoresis on 0.8% (v/v) agarose gels. The gels were blotted to Hybond-N ϩ membranes, prehybridized for 1 h, and hybridized overnight with 32 P-labeled 3Ј-specific probes for naat-A or naat-B (see Figs. 3 and 4) . Prehybridization and hybridization were conducted at 65°C in a mixture of 5ϫ SSPE, 4ϫ Denhardt's solution, 0.1% (v/v) SDS, and 100 g mL Ϫ1 denatured salmon-sperm DNA. After hybridization, the filters were washed with 2ϫ SSPE and 0.1% (v/v) SDS at 65°C for 10 min and then twice at 42°C for 5 min, and visualized with a bio-imaging analyzer (BAS 2000, Fujix, Tokyo) .
Construction of Yeast Expression Vector pYH23
The yeast expression vector (pYH23) was constructed in the following manner. The plasmid YEplac181 (Gietz and Sugino, 1988) was cleaved with XbaI and EcoRI, blunted with T4 DNA polymerase, and re-ligated to remove most of the multiple cloning sites. The HindIII site was similarly deleted. To construct pYH23, the plasmid was digested with SphI and the 728-bp fragment from pVT100U (Vernet et al., 1987) containing the ADH1 expression cassette was inserted. To insert a NotI site in the multicloning site of the cassette, the plasmid was cleaved with BamHI and blunted with T4 DNA polymerase, and the phosphorylated linker AGCGGCCGCT (TaKaRa Shuzo) was inserted. The new plasmid, pYH23, has HindIII, PvuII, PstI, XhoI, SstI, XbaI, and NotI sites in the ADH1 expression cassette. Although the ADH promoter is generally considered to be constitutive, expression from this promoter is actually repressed as much as 10-fold on non-fermentable carbon sources (Denis et al., 1983) .
Yeast Transformation and NAAT Assay
Yeast (Saccharomyces cerevisiae wild type CM3260, MATalpha trp1-63 leu2-3, 112 gcn4-101 his3-60 ura3-52 FRE1-HIS3::URA3 ctr1-3 [Dancis et al., 1994] ) were transformed as described by Schiestl and Gietz (1989) using naat-A cDNA or naat-B cDNA in pYH23 vector. The empty vector was used as a control. All experiments were carried out in synthetic defined medium containing Glc (Sherman, 1991) , so that expression of NAAT protein in yeast cells was constitutive.
Transformed yeast was cultured at 30°C for 24 h, centrifuged at 2,000 rpm for 5 min, and the pellet was washed in sterile distilled water. The protein was extracted from the washed pellet of transformed yeast by crushing the cells in extraction buffer (0.2 m Tris/HCl [pH 8.0], 10 mm EDTA, 5% [v/v] glycerol, 50 mm KCl, 1 mm p-APMSF, 3 mm DTT, 0.1 g mL Ϫ1 chymostatin, 0.5 g mL Ϫ1 leupeptin, and 7.2 g mL Ϫ1 E-64) using glass beads. The extract was centrifuged at 2,500 rpm for 5 min, and the supernatant was centrifuged again at 14,500 rpm for 30 min. The yeast extracts were assayed for NAAT activity using the method described above.
Isolation of Genomic Clones of naat-A and naat-B from the FIX II Barley Genomic Library
A FIX II genomic barley (var Igri) library was obtained commercially (Stratagene, La Jolla, CA). Plaques (200,000) were screened using naat-A cDNA as a probe and three clones were selected by plaque hybridization. According to the restriction enzyme mapping, these three clones contained almost the same genomic DNA fragments. The insert (approximately 11.2 kb) was separated into four fragments by EcoRI and NotI, and subcloned into pBluescriptII SK(ϩ) vector. All fragments were sequenced using automated DNA sequencers (DSQ-2000L, Shimadzu Scientific Instruments, Tokyo; ABI PRISM 310 genetic analyzer, Perkin Elmer).
RESULTS
Purification of NAAT
The enzyme purification procedure is summarized in Table I . Two NAAT isozymes have already been isolated from Fe-deficient barley (NAAT-I and NAAT-II) using DEAE chromatography with a linear KCl gradient elution (Kanazawa et al., 1995) . In addition to these two isozymes, we noticed that NAAT activity was also present in the fraction passing through the DEAE column from the roots of Fe-deficient barley only. Initially, we thought that the NAAT activity in this fraction was NAAT-I and NAAT-II that failed to bind to the DEAE Sephacel gel. However, after the fraction passing through the DEAE column was re-applied to the DEAE column, NAAT activity was again detected in the non-binding fraction. In addition, the specific enzyme activity of the NAAT in this fraction (nonbound fraction of DEAE in Table II ) was increased by the NA-affinity chromatography step with various ligands more efficiently than the binding fraction (Table II) . Therefore, we assumed that this fraction contained another NAAT isozyme and named it NAAT-III.
In the NA-affinity chromatography step, the specific activity of NAAT-III was increased more efficiently when using NA to elute the protein rather than other ligands. Even after NA-affinity chromatography, however, several protein spots were still detected on 2D-SDS-PAGE (Fig. 1) . Eight spots (a, b, c, d, f, g, k, and w, in Fig. 1 ) that were candidates for NAAT protein were extracted from the gel and their partial amino acid sequences were determined. The N termini of proteins c and d were blocked. Of the spots for which the N-terminal sequences could be analyzed, proteins b, f, and g did not match any N-terminal amino acid sequences in the database. Protein k was identified as enolase. The partial amino acid sequence of the peptides obtained by CNBr digestion of protein w was Table II . Increase in the specific activity of NAAT-III by affinity chromatography Binding and non-bound fractions of DEAE were applied to affinity chromatography columns with three ligands and eluted by four specific elution buffers. For the ligands, NA was used as a substrate, 2-oxoglutarate (␣-KG) as an amino group acceptor, and azetidine-2-carboxylic acid (A-2-C) as a substrate analog. The concentration of the solute in the specific elution buffers was 1 mM.
Binding Fraction
Non-Bound Fraction With protein a, a homology search failed to find any matches for the N-terminal sequence GHAAAAAVEWN-FARG, and an internal sequence obtained with CNBr digestion, VKLNLHLLEEIHDDIDF, but two other internal peptides, VIINPNNP?G and GVFGHIA, showed a high homology to Ala aminotransferase and Glu dehydrogenase, respectively. Both Ala aminotransferase and Glu dehydrogenase are pyridoxal phosphate (PLP)-dependent enzymes. Since NAAT is also a PLP-dependent enzyme (Shojima et al., 1990), we thought that protein a was most likely NAAT-III.
Isolation of cDNA Clones for NAAT
Based on the N-terminal and internal amino acid sequences of protein a, one sense amino-terminal oligonucle- Fig. 1 ) from barley. The predicted amino acid sequence starting with the putative initiator Met is shown below the nucleotide sequence. The stop codon is indicated by an asterisk (*). The directly determined amino acid sequences of the aminoterminal and CNBr digests of protein a are underlined. Arrows indicate the positions of the PCR primers. Probe I used for additional studies is the sequence between the two primers indicated by arrows. The specific probe (probe-II) for the 3Ј-terminal sequence used for genomic Southern hybridization and the putative PLP-binding Lys residue are shaded. There are three core SNGH sequences in the N-terminal region (boxed). Arrowheads show the six introns deduced from the genomic DNA sequence in Figure 8 . otide and three sense and three antisense primers for each internal amino acid sequence were synthesized. These primers were used for PCR using cDNA from Fe-deficient barley roots as the template. The combination of the two primers used in the second PCR amplified a 722-bp DNA fragment encoding the partial amino acid sequence (VIIN-PNNP) of protein a (Fig. 2) . To isolate a full-length cDNA clone, a cDNA library prepared from poly(A ϩ ) RNA from Fe-deficient barley roots was screened with this 722-bp fragment. Two clones were isolated after screening 5 ϫ 10 The naat-A cDNA was 1,660 nucleotides long, including 26 adenines in a poly(A ϩ ) tail. We assume that the start codon corresponded to the first Met codon located at nucleotide positions 62 to 64 of the naat-A cDNA. The nucleotide sequence around the initiation codon matches the consensus sequence for eukaryotic translation initiation sites (Kozak, 1987) . The naat-A cDNA contains 61 nucleotides in the 5Ј-noncoding region, 1,386 nucleotides within the coding region, and 187 nucleotides in the 3Ј-noncoding region that precedes the poly(A ϩ ) tail. The open reading frame (ORF) encodes a polypeptide of 461 amino acid residues. Direct amino acid sequences of CNBr digests of protein a completely matched segments of the amino acid sequence deduced from the naat-A cDNA nucleotide sequence. However, protein a lacked 32 amino acids from the N-terminal end of the predicted amino acid sequence. The molecular mass of the polypeptide (from the actual N-terminal amino acid, G-33, to the last amino acid residue) was calculated to be 46.6 kD and the pI 6.8. These values were similar to those estimated from the position by 2D-SDS-PAGE (Fig. 1) . The N-terminal 32 amino acid residues after the first Met residue are likely a signal peptide that is cleaved just before G-33 during protein maturation (Fig. 2) .
The naat-B cDNA is 1,910 nucleotides long, including 15 adenines in a poly(A ϩ ) tail (Fig. 3) . We assume that the first Met codon located at nucleotide positions 76 to 78 is the start codon, because there was no other Met codon upstream from this position in the genomic DNA sequence (Fig. 7A) . The naat-B cDNA contained an ORF of 1,653 nucleotides encoding a polypeptide of 551 amino acid residues. The molecular mass of the polypeptide (from the first Met to the last Cys residue) was calculated to be 58.1 kD and the pI 5.5. 
NAAT Activity in Yeast Transformed with naat-A or naat-B
To confirm that naat-A and naat-B actually encode NAAT enzymes, they were introduced into S. cerevisiae and the NAAT activity was measured (Fig. 4) . NAAT activity was detected in the yeast transformed with naat-A or naat-B, while NAAT activity was not detected in yeast transformed with the empty vector (pYH23). In the yeast, the specific enzyme activity of naat-A was greater than that of naat-B, although these specific activities were far less than that of the crude extract of Fe-deficient barley roots (see Table I ). These results demonstrate that both naat-A and naat-B encode NAAT enzymes and that NAAT-A is NAAT-III (protein a in Fig. 1 ).
Expression of naat-A and naat-B in Barley Roots
To examine the expression of naat-A and naat-B, we performed northern-blot analysis on total RNA from Fedeficient and Fe-sufficient leaves and roots, as shown in Figure 5 . When naat-A cDNA or naat-B cDNA were used as probes for northern analysis, the naat-A probe hybridized preferentially with a 1.7-kb mRNA and the naat-B probe preferentially hybridized with 1.9-kb mRNA. In Fedeficient roots, transcripts of both naat-A and naat-B were abundant, while in Fe-sufficient roots, naat-A was not detectable and a trace amount of the 1.9-kb band of naat-B was detected. The results indicate that Fe deficiency induces the expression of both naat-A and naat-B, although there is a basal level of naat-B expression in Fe-sufficient roots (Fig. 5) .
Southern-Blot Analysis
Total genomic DNA was digested with two restriction enzymes, BamHI and HindIII, and the resulting DNA fragments were hybridized with a probe common to naat-A and naat-B (probe-I in Fig. 2 ). However, we only obtained a smeared image (data not shown; discussed below). We then hybridized the same membrane with the probes specific to naat-A cDNA (probe-II in Fig. 2) or naat-B cDNA (probe-III in Fig. 3 ). As shown in Figure 6 , hybridization with these specific probes yielded a single band in both the BamHI and HindIII digests. The BamHI band in both genes seemed to be the same size. These results suggest that one copy each of naat-A and naat-B are localized close together on the same chromosome.
Genomic DNA Sequence of naat-A and naat-B
Using naat-A cDNA as a probe, a barley genomic library was screened. Positive clones were obtained and an 11.2-kb DNA fragment was completely sequenced. This 11.2-kb fragment contained both naat-B and naat-A in this order (Fig. 7A) , separated by 3.0 kb. Compared with the cDNA, both naat-A and naat-B have six introns at the same positions (Figs. 2, 3, and 7B ). The positions of the inserted introns are indicated with arrows in the cDNA sequences Figure 6 . Southern hybridization analysis of naat-A and naat-B. Genomic DNA from barley was digested with BamHI and HindIII and then blotted onto a nylon membrane and hybridized with 32 Plabeled specific probes: probe II in Figure 3 and probe III in Figure 4 for the 3Ј-terminal sequences of naat-A (A) and naat-B (B), respectively. Arrows indicate bands of the same size of BamHI restriction fragments of naat-A and naat-B. of naat-A (Fig. 2) and naat-B (Fig. 3) . The genomic DNA data will appear in the DDBJ/EMBL/GenBank under the accession no. AB024006.
DISCUSSION
After several column chromatography steps, we purified a third isoform of NAAT, NAAT-III, which was induced only in Fe-deficient barley roots (Table I) . Based on the partial amino acid sequences of protein a, a candidate for NAAT-III seen on 2D-SDS-PAGE (in Fig. 1 ), we isolated two distinct cDNAs, naat-A (Fig. 2) and naat-B (Fig. 3) . The expression of these cDNAs in transformed yeast confirmed that they both encoded NAATs (Fig. 4) .
The deduced amino acid sequence of naat-A is 88.1% identical to the deduced amino acid sequence of naat-B (Fig. 8) . The N-terminal of NAAT-B is longer than that of NAAT-A, and their homology is low at both the 5Ј-and 3Ј-terminal ends. The cDNAs of both naat-A and naat-B have repeated SNGH amino acid sequences at their N termini; there are three repeats in naat-A and six in naat-B. The N-terminal amino acid of the mature NAAT-A protein is G-33, which is located in the third SNGH sequence from the 5Ј-terminal of the coding region. The repeated SNGH sequence has not been reported previously and its function is not known.
The presence of a signal peptide at the N terminus of NAAT-A suggests that NAAT-A is targeted to the rough endoplasmic reticulum (ER). Although the actual N terminus of mature NAAT-B protein was not determined, the hydropathy profile of the deduced amino acid sequence of NAAT-B predicted the presence of a signal peptide at the N terminus. In addition, NAAT-A and NAAT-B contain two Asn residues Fig. 3 ) that are potential glycosylation sites (Keller et al., 1992) . Therefore, both NAATs may be imported into the rough ER. However, they do not have an ER retention signal (KDEL) in their C termini.
Previously, we reported the appearance of distinct vesicles in the root cells of Fe-deficient barley before sunrise, just before the diurnal secretion of MAs. These vesicles were covered with ribosomes and were thought to originate from the rough ER (Nishizawa and Mori, 1987 ). An electron microscope-autoradiography study showed that the 14 C-labeled Met supplied to the Fe-deficient barley after sunset (when MA secretion has ceased but MA production continues) was incorporated into these vesicles. Based on these results, we postulated that MAs are produced in these distinct vesicles and stored until they are secreted. Of the enzymes that participate in MA biosynthesis, NAS works efficiently at pH 9.0 (Higuchi et al., 1994) and the optimum pH of NAAT is between 8.5 and 9.0 (Kanazawa et al., 1994) . These results also suggest that neither NAS and NAAT is present in the cytoplasm but, rather, in some compartment within the cells. It is conceivable that NAATs are sorted in the rough ER and catalyze the amino transfer of NA in these particular vesicles derived from the rough ER. Interestingly, the deduced amino acid sequence of NAS does not have a signal peptide at the N-terminal that would allow it to be sorted into the rough ER, but it does have two potential transmembrane domains, and computer research predicts that it would be sorted into the ER (Higuchi et al., 1999) . Therefore, two enzymes involved in MA synthesis might be present in the specific vesicles derived from the rough ER. The precise localization of NAS and NAAT should be clarified by immunocytochemistry in future studies.
The deduced amino acid sequence of naat-A cDNA (NAAT-A) was 33.3% similar to the amino acid sequence of Tyr aminotransferase from rat liver (accession no. P04694) (Fig. 8) . In addition, NAAT-A showed 25.5% and 21.7% similarity to the amino acid sequences of Ala aminotrans- (Ernest et al., 1977) , AlaAT (P52894; Ala aminotransferase from barley) (Good and Crosby, 1989) , and Asp aminotransferase (M59430; Asp aminotransferase from Bacillus sp.) (Taniguchi et al., 1995) . The residues are numbered according to the deduced amino acid sequence of naat-A (NAAT-A). Functionally or structurally important residues following the results in Mehta et al. (1989) are shadowed. Residues identical to NAAT-A are represented with dots. Identical residues in the five aminotransferase sequences are boxed. Gaps, represented by dashes, have been inserted to achieve maximum homology.
ferase from barley (accession no. P52894) and Asp aminotransferase from Bacillus sp. (accession no. M59430), respectively. None of these similarities to the three aminotransferases is very high. However, a comparison between NAAT-A, NAAT-B, and the other three aminotransferases shows that they have conserved regions that may be functionally or structurally important residues. Asp aminotransferase is the most extensively examined pyridoxal enzyme. X-ray crystallographic characterization of Asp aminotransferase, along with comparison of the amino acid sequences of Asp aminotransferase from various species and those of other aminotransferases, have revealed important conserved amino acid residues (Mehta et al., 1989) .
The important residues are as follows: Lys-289 is a Schiff base with PLP. Tyr-116, Asn-228, Asp-256, Tyr-260, and Arg-297 form hydrogen bonds to PLP. Pro-176 and Pro-229 are both in the cis conformation. Gly-231 participates in a turn of the polypeptide chain located at the domain interface. Arg-428 forms a salt bridge/hydrogen bond with the ␣-carboxylate group of the substrate. Gly-299 and Ala-336 are conserved, but their significance is unknown. Comparison of the amino acid homology between the five enzymes in Figure 8 identifies , and Arg-444 as potentially important amino acid residues for transamination or conformation. NAAT is a PLPdependent enzyme (Shojima et al., 1990) , and it is thought that NAAT binds PLP to the lysyl residue (Lys-289) via an aldimine bond, as is the case with other pyridoxal enzymes (Pfleiderer et al., 1968) . Thus, the conservation of these important residues in NAAT-A and NAAT-B is consistent with NAAT being a PLP-dependent enzyme.
Although we have not presented the data, we isolated a 5Ј-terminal truncated cDNA clone that encoded a protein missing 163 amino acid residues at the N-terminus of NAAT-A. This clone did not show NAAT activity when introduced into yeast, although its deduced amino acid sequence contained the putative PLP-binding Lys residue and the surrounding amino acid residues. The lack of NAAT activity may be due to a missing amino acid residue (Tyr-116). These assumptions of the functional or structural importance of the conserved residues should be confirmed by x-ray characterization of NAAT-A and NAAT-B.
We confirmed that naat-A encodes NAAT-III. On the other hand, it is likely that naat-B encodes an isoform of NAAT-III, possibly one of the two isoforms (NAAT-I or NAAT-II) described by Kanazawa et al. (1995) . naat-A was only expressed in Fe-deficient roots, whereas naat-B had a low basal level of expression in Fe-sufficient roots and expression was also induced under Fe deficiency. Kanazawa et al. (1995) reported that both NAAT-I and NAAT-II are induced by Fe deficiency, although NAAT-II is also detectable in Fe-sufficient plants. Therefore, naat-B is a candidate as the gene for NAAT-II (NAAT-B). NAAT-B may contribute to the production of a basal level of MAs under non-Fe-stress conditions, whereas the induction of both NAAT-A and NAAT-B may increase the level of MAs under Fe starvation. Takagi et al. (1984) reported that even under Fe-sufficient hydroponic conditions, barley always secretes a low amount of MA with some perturbed pattern.
There are several reports that Zn deficiency also induces MA production in wheat (Triticum aestivum cv Aroona and cv Durati) (Cakmak et al., 1994; Walter et al., 1994) , although the induction after Zn deficiency is delayed, and less phytosiderophore is produced than under Fe deficiency. Although we did not measure the release of MAs with Zn-deficiency treatment in barley, Zn may regulate naat-A and naat-B as well as Fe. Therefore, a time-course study of the expression of naat genes under various nutritional stress conditions is also necessary.
The smeared image (data not shown) in the Southern analysis using the common probe I (Fig. 2 ) might have been caused by the existence of other related genes (possibly encoding other PLP-requiring enzymes) in the genome. Because the washings of the Southern blot were not very stringent, it did not allow detection of any such genes. The single positive band in the BamHI column (arrows in Fig. 6 ) was the same size for both naat-A and naat-B, suggesting that the two genes are very near to each other. This was confirmed by cloning a genomic DNA that contained the full-length naat-A and naat-B genes in a tandem arrayed with only one BamHI site (Fig. 7) .
We cloned two naat genes as an important step toward our ultimate objective of developing rice, sorghum, and corn that are tolerant to Fe-deficient conditions. The gene encoding NAAT-I has not yet been cloned. Identification of the cis element(s) responsive to Fe deficiency in naat genes is the next step in our study.
